Hoxa3 was the first Hox gene to be mutated by gene targeting in mice and is required for the development of multiple endoderm and neural crest cell (NCC)-derived structures in the pharyngeal region. Previous studies have shown that the Hoxa3 null mutant lacks third pharyngeal pouch derivatives, the thymus and parathyroids by E18.5, and organ-specific markers are absent or downregulated during initial organogenesis. Our current analysis of the Hoxa3 null mutant shows that organ-specific domains did undergo initial patterning, but the location and timing of key regional markers within the pouch, including Tbx1, Bmp4 and Fgf8, were altered. Expression of the parathyroid marker Gcm2 was initiated but was quickly downregulated and differentiation failed; by contrast, thymus markers were delayed but achieved normal levels, concurrent with complete loss through apoptosis. To determine the cell type-specific roles of Hoxa3 in third pharyngeal pouch development, we analyzed tissue-specific mutants using endoderm and/or NCC-specific Cre drivers. Simultaneous deletion with both drivers resulted in athymia at E18.5, similar to the null. By contrast, the individual tissue-specific Hoxa3 deletions resulted in small, ectopic thymi, although each had a unique phenotype. Hoxa3 was primarily required in NCCs for morphogenesis. In endoderm, Hoxa3 temporally regulated initiation of the thymus program and was required in a cellautonomous manner for parathyroid differentiation. Furthermore, Hoxa3 was required for survival of third pharyngeal pouch-derived organs, but expression in either tissue was sufficient for this function. These data show that Hoxa3 has multiple complex and tissue-specific functions during patterning, differentiation and morphogenesis of the thymus and parathyroids.
INTRODUCTION
HOX proteins are a highly conserved family of transcription factors that play essential roles in defining axial identity during metazoan development. Mouse knockout studies have shown that mutations in individual Hox genes affect multiple tissues within the region associated with its anterior boundary of expression, suggesting that vertebrate Hox genes control regional identity (Mallo et al., 2010) . However, although many Hox gene null phenotypes in mice have been described, little is known about how HOX proteins regulate tissue-specific pathways.
Hoxa3 was the first Hox gene to be mutated in mice by homologous recombination, and the null phenotype has been well characterized (Chisaka and Capecchi, 1991; Capecchi, 1995, 1998; Su et al., 2001; Kameda et al., 2002 Kameda et al., , 2003 Kameda et al., , 2004 Gaufo et al., 2003) . Hoxa3 has an anterior expression limit at the third pharyngeal arch and is expressed in all cell populations in the pharyngeal region, including endoderm, ectoderm, mesoderm and neural crest cells (NCCs) (Gaunt, 1987 (Gaunt, , 1988 Chisaka and Capecchi, 1991; Manley and Capecchi, 1995) . It has been implicated in patterning, cell migration, proliferation, apoptosis and differentiation. Hoxa3 mice have normal initial formation of the pharyngeal arches and pouches, but severe defects in pharyngeal development, including athymia and aparathyroidism, as well as other organ, skeletal and nerve defects. Hoxa3 is the only Hox3 paralog that is required for thymus and parathyroid initial organogenesis, as mice with only a single wild-type Hoxa3 allele (Hoxa3 Hoxb3 Hoxd3 ) have both organs, albeit ectopically located (Manley and Capecchi, 1998) .
The thymus and parathyroids are derived from the third pharyngeal pouch and are identifiable as separate organ domains within the same primordium by the expression patterns of organ-specific genes beginning at embryonic day 10.5 (E10.5). Gcm2 (glial cells missing 2) is a parathyroid marker that is necessary for differentiation and survival (Gunther et al., 2000; Gordon et al., 2001; Liu et al., 2007) . At E11.0, Foxn1 (Forkhead box N1) expression marks the thymus domain and is necessary for thymic epithelial cell (TEC) proliferation and differentiation (Nehls et al., 1994 (Nehls et al., , 1996 Manley and Condie, 2010) . Previously, we have shown that in the Hoxa3 mouse, Gcm2 is reduced at E10.5 and Foxn1 is lacking at E11.5 (Chen et al., 2010) ; other parathyroid differentiation markers are also undetectable at E12.0 (Kameda et al., 2004) . As Hox genes are classically considered to specify positional identity, these molecular data together with the perinatal phenotype suggest that HOXA3 acts to specify third pharyngeal pouch identity and that, in its absence, organ specification fails .
Proper specification of thymus and parathyroid fate and subsequent organ development require interactions between third pharyngeal pouch endoderm and surrounding NC-derived mesenchyme, both of which express Hoxa3 Gordon and Manley, 2011; Manley et al., 2011) . Several signaling pathways have been implicated in third pharyngeal pouch patterning and organ development. Fgf8 and Bmp4 are expressed in the presumptive thymus domain before Foxn1 expression, and Bmp4 is also expressed in the surrounding NC-derived mesenchyme (Ohuchi et al., 2000; Revest et al., 2001; Frank et al., 2002; Patel et al., 2006; Gardiner et al., 2012) . BMP signaling has been implicated in regulating Foxn1 expression in mice, chick and zebrafish (Ohnemus et al., 2002; Bleul and Boehm, 2005; Wang et al., 2006; Soza-Ried et al., 2008; Gordon et al., 2010) . Recent data obtained from chick suggests that sequential BMP-FGF signaling is sufficient to establish thymus fate (Neves et al., 2012) . By contrast, SHH signaling promotes parathyroid fate and is a negative regulator of thymus fate. In its absence, embryos lack Gcm2, downregulate Tbx1 and expand Bmp4 and Foxn1 expression throughout the developing primordium (Moore-Scott and Grevellec et al., 2011) . We have previously proposed that BMP4 and SHH act in opposition to pattern the thymus and parathyroid domains (Gordon and Manley, 2011) . Linking these signaling pathways to HOXA3 will begin to shape the regulatory network that specifies the third pharyngeal pouch regional identity and differentiation.
Here, we have evaluated cell type-specific functions of HOXA3 in thymus and parathyroid development by generating tissue-specific deletions in endoderm and/or NCCs and re-evaluated the null mutant to better understand HOXA3 function. To our surprise, parathyroid and thymus differentiation was initiated in Hoxa3 mutants, albeit with patterning and timing defects. Consistent with the published phenotype, both organs ultimately failed to develop, although the role of HOXA3 was different in each organ. Furthermore, each tissue-specific deletion resulted in small, ectopic thymi and parathyroids by E18.5, although each cell type-specific mutant had a unique phenotype that was distinct from the null. Therefore, Hoxa3 expression in either tissue is sufficient for thymus and parathyroid organogenesis and has distinct roles in each tissue. The combined results from the Hoxa3 tissue-specific deletions and the null allele showed that HOXA3 is required for Gcm2 upregulation and parathyroid survival, but has two distinct roles in thymus fate -an endoderm-intrinsic temporal role in potentiating the thymus program, and a separate, redundant function in both endoderm and NCCs to promote thymus survival. Finally, although HOXA3 regulates early organ morphogenesis, it is dispensable for later differentiation or survival.
RESULTS

Temporal and spatial expression of Hoxa3 during early thymus-parathyroid development
We first performed a detailed analysis of the spatial and temporal Hoxa3 expression pattern in the third pharyngeal pouch and developing organ primordia from E10.5 to E13.5, which encompass patterning and initial organogenesis. At E10.5, Hoxa3 was expressed strongly and at similar levels in the third pharyngeal pouch endoderm and surrounding NCCs (Fig. 1A) . At E11.0-E11.5, Hoxa3 expression within the primordium decreased relative to that in the surrounding NCCs, where expression remained high ( Fig. 1  B,C) . Expression in NCCs began to decline at E12.0 (Fig. 1D) . By E12.5, Hoxa3 expression in both tissues was low and, by E13.5, was undetectable using this assay (Fig. 1E,F) , although it was detected in total thymic stroma at E15.5 by using reverse transcription (RT)-PCR (Su et al., 2001 ). HOXA3 protein was detected to different extents within the E10.5 third pharyngeal pouch by using immunohistochemistry (IHC), with higher levels in the prospective dorsal-anterior parathyroid and ventral-posterior thymus domains (Gordon et al., 2001 ) and lower levels in the remaining posterior-dorsal domain (Fig. 1G,H) . By contrast, protein levels in surrounding NCCs were more uniform (Fig. 1G ).
Taken together, these data suggested that HOXA3 in both cell types might affect early third pharyngeal pouch development, with the influence in the endoderm restricted primarily to early patterning, whereas HOXA3 in the surrounding NCCs might also act in later morphogenetic events.
HOXA3 modulates, but is not required for, thymus-and parathyroid-specific gene expression
Our expression analysis suggested that there is the potential for both overlapping and distinct functions of HOXA3 in the endoderm and NCCs during third pharyngeal pouch development. To provide a clear baseline of comparison for tissue-specific deletions, we characterized organ-specific patterning in the Hoxa3 mutant at the initial stages of third pharyngeal pouch organogenesis. The TEC-specific marker Foxn1 is normally detected at approximately E11.25 but was absent in the hypoplastic primordia in Hoxa3 mutants at E11.5 ( Fig. 2A,B) . However, Foxn1 expression was detected in the null at low levels by E12, about a day later than the control, and attained a normal expression pattern and levels by E12.5 (  Fig. 2C-F) . These small thymi also expressed the FOXN1-independent thymus marker, Il7 (Zamisch et al., 2005) at higher levels than controls (Fig. 2G,J) , indicating that they were differentiating as thymus. We
also assessed expression of Foxg1, which encodes a transcription factor that is normally present in the prospective thymus domain at E10.5 before and independently of Foxn1 expression, and is maintained throughout thymus development (Wei and Condie, 2011) . Foxg1 is also expressed in an unspecified dorsal-posterior domain at E10.5 (Wei and Condie, 2011) . In the Hoxa3 mutant at E10.5, Foxg1 was expressed in the dorsal-posterior domain but was absent from the thymus domain (Fig. 2I,J) . By E11.5, Foxg1 was expressed throughout most of the primordium (Fig. 2K,L) . This Foxg1 expression delay in the thymus domain is similar to that seen for Foxn1 expression, suggesting that thymus fate specification is generally delayed in the Hoxa3 mutants.
The parathyroid marker Gcm2 is usually expressed in a dorsal-anterior domain of the third pharyngeal pouch at E10.5 (Gordon et al., 2001 ). As we have previously reported (Chen et al., 2010) , Hoxa3 embryos had dramatically reduced but correctly localized expression of Gcm2 at E10.5 (Fig. 2M,N) . TBX1 is a transcription factor that is also restricted to the parathyroid domain at E10.5 and is independent of Gcm2 (Garg et al., 2001; Liu et al., 2007; Grevellec et al., 2011) . The Tbx1 expression domain was present but reduced in Hoxa3 mutants ( Fig. 2O,P) . By E11.5, Gcm2 expression was undetectable (Fig. 2  Q-T) . A small group of Gcm2 Foxn1 double-negative cells that was attached to the thymus persisted until E12.5 (Fig. 2D ,F,R,T), but was undetectable by E13.0 (Fig. 3H,I ). These results are consistent with previous reports that show the absence of other parathyroid differentiation markers at E11.5 (Kameda et al., 2004) and the loss of prospective parathyroid cells through apoptosis at E12.5 in Gcm2 mutants (Liu et al., 2007) .
ΔNp63 is reported to mark thymic epithelial precursor cells (Senoo et al., 2007) , although its expression before E12.0 in the third pharyngeal pouch has not been described. At E10.5, ΔNp63 protein levels were variable and low in the third pharyngeal pouch in both controls and mutants (Fig. 3A,B) . By E11.5, ΔNp63 was only present in GCM2-negative cells, marking the thymus domain (Fig. 3C ). In the E11.5 Hoxa3 mutant, ΔNp63 was present throughout the primordium (Fig. 3D ). This result and the loss of GCM2 suggest that in the null mutant, these dorsal cells initiate, but fail to establish, parathyroid fate by E11.5. As these cells also did not acquire a Foxn1-positive thymic fate (Fig. 2E,F) , the absence of GCM2 results in their death by apoptosis around E12.5. SHH signaling is required for Gcm2 expression and parathyroid fate specification and also regulates Tbx1 (Garg et al., 2001; Moore-Scott and Manley, 2005; Grevellec et al., 2011 Fig. S3A ,B). These data suggest that HOXA3 and SHH signaling act in distinct pathways to affect parathyroid fate specification and differentiation.
These data show that the expression of regionally restricted markers is disrupted in the Hoxa3 mutants, but not in a uniform way. As a result, although the expression of both Gcm2 and Foxn1 is initially delayed and/or reduced relative to wild type, these markers are ultimately affected in opposite ways (Foxn1 expression is delayed and then normal, Gcm2 expression is low and then absent). Despite these distinct phenotypes, both organs are absent at later stages (Chisaka and Capecchi, 1991; Manley and Capecchi, 1995) .
Hoxa3 is necessary for thymus and parathyroid survival
Despite the initiation of thymus differentiation in Hoxa3 mutants, the primordia were absent at E13.5.
Although at E10.5 both mutant and control third pharyngeal pouch cells were negative for the cell death marker cleaved caspase-3 (CC3) (Fig. 3A,B) , between E11.5 and E13.5, substantial apoptosis was present in the mutant primordia ( Fig. 3E-L) . At E11.5 in control embryos, apoptotic cells were restricted to the region where the thymus domain was attached to the pharynx (Fig. 3E) ; this is the normal mechanism for thymus-pharynx separation (Gordon et al., 2004; Gardiner et al., 2012) . By contrast, Hoxa3 mutants had CC3-positive cells throughout the primordium, but not in the pharynx (Fig. 3F ). This phenotype continued at E13.0, with numerous apoptotic cells throughout the mutant primordium (Fig. 3G) . Interestingly, CC3-positive epithelial cells did not co-label with either FOXN1 or ΔNp63 ( Fig. 3G-I ). However, we could not distinguish whether downregulation of these markers induced apoptosis, or that these markers were degraded rapidly during apoptosis and thus undetectable. A subset of CC3-positive cells on the perimeter of the E13.0 (but not E11.5) primordium were co-labeled with PDGFRβ, an NCC marker (Fig. 3E ,F,J-L). Because Hoxa3 is normally downregulated in NCCs by E12.5 (Fig. 1E,F) , the timing of mesenchymal cell death suggests that the NCC-derived capsule undergoes apoptosis secondarily in response to primordium collapse.
Hoxa3 expression in either endoderm or neural crest is sufficient for organ development
Both our expression data and other published studies have suggested that HOXA3 in both NCCs and the endoderm influences early third pharyngeal pouch patterning and thymus and parathyroid organogenesis . To determine the tissue-specific roles of HOXA3, we deleted Hoxa3 from NCCs and/or endoderm using a conditional allele (supplementary material Fig. S1 ) and the Wnt1Cre (Danielian et al., 1998) and/or Foxa2 (Park et al., 2008) strains. Wnt1Cre efficiently deleted Hoxa3 in NCCs surrounding the third pharyngeal pouch (Fig. 4B, 
E). The tamoxifen-inducible Foxa2
allele caused endoderm-specific deletion throughout the third pharyngeal pouch, although a few cells had failed to delete Hoxa3 by E10.5 (Fig. 4C ,F,G; supplementary material Fig. S2A ,B). This slight inefficiency led to low-level mosaic Hoxa3 expression in the third pharyngeal pouch, allowing us to address the cellautonomous role of Hoxa3 in early organogenesis.
In contrast to the Hoxa3 mutant, both individual tissue-specific deletions resulted in small ectopic thymi and parathyroids ( Fig. 5A -D,F-I), indicating that expression of Hoxa3 in either cell type was sufficient for their organogenesis. To confirm that these are the only two cell types necessary for thymus and parathyroid development, we simultaneously deleted Hoxa3 using both tissue-specific Cre strains. These mutants had a complete loss of the thymus and parathyroids at E18.5, similar to the previously published Hoxa3 (Fig. 5E,J) . This result also indicated that the low level of mosaicism in the endoderm-specific mutants was unlikely to be the reason for the formation of the thymus in this model.
Endodermal Hoxa3 temporally regulates Foxn1 expression
After Hoxa3 endoderm-specific deletion, low FOXN1 levels were present at E12.0 in scattered cells throughout the ventral domain, similar to the timing of initial Foxn1 mRNA expression in the null mutant ( Fig. 6D,I ; compare with Fig. 2A,B) . A few individual cells were FOXN1 positive by late E11.25, around 10-14 h later than in the control thymus domain, but earlier than in the null mutant (Fig. 6A-C,F-H ). These cells might represent HOXA3-expressing cells that are present after inefficient endoderm deletion (Fig. 4  F; supplementary material Fig. S2B ). Although the endoderm-specific mutant thymus was ∼20% the size of the control thymus at E17.5 (Fig. 6O) , it had normal expression of cytokeratin 8 and cytokeratin 5, attracted Ikaros-positive thymocytes (supplementary material Fig. S2C ) and showed no increase in CC3-positive apoptotic cells at E12.0 or E13.5 (supplementary material Fig. S2D ). Thymus size is thought to be
restricted by the initial size of the epithelial progenitor cell pool, and FOXN1 is known to promote TEC proliferation (Su et al., 2003; Bleul et al., 2006; Itoi et al., 2007; Jenkinson et al., 2008; Chen et al., 2009; Griffith et al., 2009; Nowell et al., 2011; Manley et al., 2011) . To determine whether delayed Foxn1 expression or decreased proliferation of Foxn1-positive cells was the cause of the thymic hypoplasia, we measured pouch size at E10.5 (before FOXN1 expression) and the proliferation of FOXN1-positive cells at E11.5. Both the size of the third pharyngeal pouch at E10.5 (P=0.32633) and the percentage of FOXN1-positive cells that were proliferating at E12.5 (Fig. 6P-R) were similar between the mutant and control thymi. These data are consistent with a model in which the smaller thymus primordium is primarily due to the delay in Foxn1 expression and the resulting delay in initiation of TEC proliferation, rather than a difference in the number of cells that are initially fated to develop into thymus, an increase in cell death or a decrease in the proliferation of cells that have a thymic fate.
In contrast to the endoderm-specific and null mutant phenotypes, NCC-specific deletion of Hoxa3 had little effect on the thymus. The timing and pattern of initial Foxn1 expression was normal (Fig. 6K-N) . The newborn mutant thymus was consistently about half the size of littermate controls (P=0.033); however, this difference occurred only after E17.5, and we cannot exclude the possibility that the ectopic location restricted its expansion ( Fig. 6O ; supplementary material Fig. S4A,D) . Both thymocyte differentiation (supplementary material Fig. S4B ) and TEC marker expression (supplementary material Fig. S4C ) appeared to be normal in the newborn mutant thymus. Thus, Hoxa3 expression in NCCs might be required for postnatal thymus size, but is not required for thymus specification, early organogenesis or TEC differentiation.
Upregulation of Gcm2 expression requires endodermal Hoxa3
The NCC-specific deletion of Hoxa3 did not appear to affect Gcm2 expression at E10.5-E12.5 ( Fig. 7I-L ; compare I and J,K and L). By contrast, the Hoxa3 endoderm-specific deletion showed reduced Gcm2 expression at E10.5 (Fig. 7E,F) , similar to that of the Hoxa3 mutant ( Fig. 2M,N; Fig. 7A,B) . However, unlike the null mutants, Gcm2 expression levels increased between E10.5 and E12.0 in the endodermspecific deletion mutants, such that, by E12.0, Gcm2 expression was similar to that seen in control embryos at the same stage (Fig. 7C,D,G,H) . Closer examination of GCM2 protein levels in the endodermspecific deletion mutant at E10.5 showed a mosaic pattern reminiscent of the Foxa2 deletion pattern (Fig. 8A,E ). These few GCM2-positive cells persisted, forming small clusters of parathyroid cells at E13.5 (Fig. 8D,H ) and E17.5 (Fig. 5I) . All GCM2-positive cells at E10.5 were also HOXA3-positive, indicating that they probably persist due to the inefficient deletion of Hoxa3 (Fig. 8A-C,E-G) . These results suggest that Hoxa3 and Gcm2 are part of a cell-autonomous pathway that promotes parathyroid differentiation. This result is in contrast to the effects of Hoxa3 deletion on the thymus domain, where cells that never expressed Hoxa3 were able to express Foxn1, albeit with some delay.
HOXA3 differentially regulates multiple third pharyngeal pouch markers
Fgf8 and Bmp4 have regionalized expression patterns in the E10.5 third pharyngeal pouch and are involved in its patterning and differentiation (Gordon and Manley, 2011) . Fgf8 expression overlaps with the presumptive thymus domain at E10.5 in control embryos and in the NCC-specific mutant ( Fig. 9A,C ; supplementary material Fig. S3C,D) . By contrast, Fgf8 expression expanded into the dorsal pouch in both the Hoxa3 and Hoxa3 endoderm-specific deletion embryos (Fig. 9A-D) , suggesting that endodermal HOXA3 restricts expression of Fgf8 to the ventral domain at E10.5. Bmp4 is usually expressed in both the ventral pouch and the surrounding NCCs at E10.5 and E11.5 (Gordon et al., 2010; see Fig. 9E,G,I,K) . Its expression in NCCs was unaffected in the Hoxa3 mutant or after either endodermal or NCC-specific
Hoxa3 deletion, suggesting that NCC-specific Bmp4 expression is HOXA3-independent (Fig. 9E-L) . Bmp4 expression in the endoderm was severely reduced in the null compared with the control at E10.5 and was greatly reduced at E11.5. Bmp4 expression at E10.5 in the endoderm was reduced after endodermspecific deletion, but normal after NCC deletion of Hoxa3 (Fig. 9I-L) , suggesting that Hoxa3 expression within the endoderm regulates Bmp4 expression in the third pharyngeal pouch. The pattern of endodermal Bmp4 expression in the endoderm-specific deletion mutant could be explained either by delayed expression, similar to that seen for Foxn1, or by the Hoxa3 mosaic deletion that is induced by Foxa2 .
HOXA3 is required in both the endoderm and NCCs for organ separation and migration
Both endoderm and NCCs have been implicated in the detachment of the thymus from the pharynx, the separation of the parathyroid from the thymus and the migration of both organs (Gordon and Manley, 2011) . The thymus detaches from the pharynx through coordinated endodermal apoptosis between E11.5 and E12.5. Organ separation and migration occurs between E12.5 and E14.5 and is primarily mediated by NCCs (Gordon et al., 2004; Gordon and Manley, 2011; Gardiner et al., 2012) . None of these events occurred in the Hoxa3 mutant, as the entire primordium was undergoing apoptosis before and during the stages at which these events normally occur (Fig. 3E,F) . After endoderm-specific deletion of Hoxa3, separation of the thymus from the parathyroids appeared to occur normally (Fig. 5I ), but detachment from the pharynx was delayed until E14.5 (supplementary material Fig. S5A ,B,D,E). This delay resulted in delayed migration, making the final location of the mutant thymi variable among mutant embryos and between the two sides of the same embryo. By contrast, the NCC-specific deletion mutant thymus never detached from the pharynx, and the mutant embryos had fewer TUNEL-positive cells within the endoderm compared with control embryos (supplementary material Fig. S5C,F) . The thymus and parathyroids also remained connected to each other at least until the newborn stage (supplementary material Fig. S5G,H) .
HOXA3 is not required for later maintenance of thymic epithelial cells or parathyroids
To test whether HOXA3 is required at later stages in the development of the thymus and parathyroids, we generated conditional mutants using Foxn1 to drive deletion in embryonic TECs (Gordon et al., 2007) or a PthCre transgene to drive deletion in the embryonic parathyroid (Libutti et al., 2003) . Both Cre lines efficiently drive deletion beginning around E11.5, after organ fate has been established and differentiation has initiated. Each deletion had little or no effect on later organ phenotypes. Deletion of Hoxa3 using PthCre showed no change in parathyroid size relative to controls (1:1 volume ratio at E15.5, E16.5 and E18.5, n=2 for each stage), and Pth and Gcm2 exhibited normal expression patterns at E13.5 (supplementary material Fig. S6 ). No significant changes were seen in the postnatal thymus after Hoxa3 deletion using Foxn1 (supplementary material Fig. S7 ). Cortical and medullary differentiation and organization were similar to those in controls at the newborn stage (supplementary material Fig. S7B) , and T-cell development was unaffected (supplementary material Fig. S7C ). Because the paralogous gene Hoxd3 is also expressed in cortical TECs (supplementary material Fig. S7D ) and Hoxd3 has multiple redundant functions with Hoxa3 (Condie and Capecchi, 1994; Capecchi, 1997, 1998) , we removed one copy of the Hoxd3 allele in the homozygous Hoxa3 TEC-specific conditional mutants (Hoxd3 ;Hoxa3 ;Foxn1 ). Results were similar to the Hoxa3 conditional mutant (supplementary material Fig. S7B ). Therefore, Hoxa3 expression is not necessary for the normal development or function of TECs or parathyroids after E11.5. Our current data show that HOXA3 does not establish third pharyngeal regional identity, but is instead required in both pharyngeal endoderm and NCCs for patterning and early organogenesis of the thymus and parathyroids. Using tissue-specific Hoxa3 deletions, we establish that Hoxa3 expression in the endoderm has independent roles in early third pharyngeal pouch patterning, parathyroid differentiation and the temporal regulation of thymus-specific markers. Deletion of Hoxa3 in one or all tissues results in changes to apoptosis, with HOXA3 either promoting or blocking cell death in different aspects of organogenesis. The role of HOXA3 in TEC survival is redundant between the endoderm and NCCs as Hoxa3 must be deleted from both cell types simultaneously for the thymus to undergo apoptosis. By contrast, Hoxa3 deletion in either cell type causes defects in the morphogenesis of the third pharyngeal pouch-derived organs. HOXA3 function is primarily restricted to early organogenesis because the loss of Hoxa3 after organ fate was established had very little effect on thymus or parathyroid development.
DISCUSSION
Hoxa3 regulates parathyroid differentiation and survival in a cell-autonomous manner
Hoxa3 deletion resulted in several gene expression changes within the parathyroid domain. The key change is the failure to upregulate Gcm2. Gcm2 regulates parathyroid differentiation and survival; in the Gcm2 mutant, the parathyroid domain is specified, but fails to turn on Pth, and undergoes coordinated apoptosis at E12-12.5 (Liu et al., 2007) . This phenotype is similar to the null mutant and Hoxa3 endodermspecific deletion phenotypes; thus, the simplest interpretation is that the differentiation failure and ultimate parathyroid loss are caused by loss of Gcm2. Our data also suggest that Gcm2 is upregulated in a HOXA3-directed cell-autonomous manner (evidenced by the few Hoxa3 Gcm2 double-positive cells after endoderm-specific deletion), but once Gcm2 is upregulated, HOXA3 is not required for its expression or for parathyroid differentiation or maintenance.
HOXA3 appears to repress Fgf8, p63 and Foxg1 in the parathyroid domain, as all three are ectopically expressed following Hoxa3 deletion; however, Bmp4 and Foxn1 were not expressed in this domain at any time. These genes have all been implicated in thymus fate determination . Gcm2 and Tbx1 expression, normally restricted to the parathyroid domain, was reduced, but still initiated in this domain. Thus, in the absence of HOXA3, the dorsal-anterior domain cells express a subset of markers that are characteristic of both fates and fail to establish either the parathyroid or the thymus fate.
Hoxa3 is not the initiator of the thymus program
In the thymus domain, HOXA3 appears to regulate the timing of the thymus-specific program, but is not required for its execution. Fgf8 and p63 expression are not affected in the thymus domain by loss of Hoxa3 (although they expand dorsally, it is unclear at this point how HOXA3 differentially affects the expression of a single gene in the dorsal versus ventral pouch). Expression of the thymus markers Bmp4, Foxg1 and Foxn1 is delayed by at least a day. The loss of Bmp4 in the endoderm in the null mutant could be especially significant; studies in the chick system have shown that Bmp4 expression from the mesenchyme is required for Foxn1 expression (Neves et al., 2012) . The persistence of Bmp4 in the mesenchyme could be the signal that allows Foxn1 expression, albeit delayed, in the Hoxa3 null and endoderm-deletion mutants. In chick, this role for Bmp4 is mediated in part through induction of Fgf10 expression, but as Fgf10 is not expressed in the mesenchyme at these stages in mice, this pathway appears to be operating differently. Furthermore, as Fgf8 expansion does not induce ectopic Bmp4 expression in the dorsal domain, and is usually expressed in the ventral domain where Bmp4 is delayed, Fgf8 and Bmp4 appear to be independently regulated.
The delayed thymus program appears to be a Hoxa3 endoderm-specific function because the delay occurs −/− in a manner similar to that in the endoderm-specific deletion mutant, with the apparent exception of the few HOXA3-positive 'escapers' that might become FOXN1-positive first (supplementary material Fig. S2B ). Because there are also HOXA3-positive FOXN1-negative cells in the same mutant (supplementary material Fig. S2B), HOXA3 is not sufficient to induce Foxn1 expression, unlike expression of Gcm2. It is possible that the local concentration of BMP4 (from both reduced expression in the endoderm and the surrounding NCCs) must be sufficiently high to activate a 'community' effect. However, all cells eventually turn on Foxn1, even in the null mutants that never express Hoxa3. Thus, the overall effect of Hoxa3 loss is to slow the progression of this 'thymus program', suggesting that HOXA3 potentiates, but is not required for, its execution. Thus, the transcriptional initiator of the thymus program remains unknown.
Hoxa3 regulates thymus and parathyroid survival in different ways
HOXA3 uses two independent mechanisms to protect the parathyroid and thymus cells from cell death.
The most straightforward case is in the parathyroid, where HOXA3 upregulates Gcm2, which in turn protects those cells from cell death. In this model, the role of Hoxa3 in parathyroid survival is a consequence of its role in regulating the differentiation program.
The loss of the thymus due to cell death in the Hoxa3 mutants presents a more complex role for HOXA3 in cell survival. Thymus survival is controlled by HOXA3 acting in both NCCs and endoderm, where expression in either cell type is sufficient to promote organ survival. This requirement for HOXA3 appears to be restricted to before E11.5-E12, as Hoxa3 expression in wild-type embryos declines throughout the time of cell death in the null (E11.5-E13.5) and all tissue-specific and organ-specific deletions form a functioning thymus. Unlike in parathyroids, this survival program is an independent HOXA3 function that acts in parallel to its role in TEC differentiation. TEC death initiates at E11.5 before the delayed Foxn1 expression in the mutants and continues through E13, during which TECs continue to acquire expression of Foxn1 and other TEC markers. The simplest model is that HOXA3 promotes the expression of survival signals in both the endoderm and NCCs, with either source being sufficient for survival; the receptor for the survival signal could be HOXA3-independent (Fig. 10) . In the simplest case, the survival signal is the same in both cell types; however, this is not required. This thymus-specific survival signal must act through a threshold effect because the Hoxa3-expressing 'escaper' cells after Hoxa3 deletion from both the NCCs and the endoderm do not survive.
Separation and migration of the thymus and parathyroid
Between E12 and E14, the thymus and parathyroids detach from the pharyngeal endoderm, separate from each other and migrate to their final position in the adult animal. All three events are mechanistically different; however, organ separation and migration both depend on proper detachment, which occurs through coordinated apoptosis of the endoderm at about E12 (Gordon and Manley, 2011) . This regional apoptosis is absent in the null mutant, suggesting that the role of HOXA3 in this process is to promote apoptosis, in contrast to its role in promoting cell survival in TECs. As both endoderm-and NCC-specific deletions of Hoxa3 have defective detachment from the pharynx, HOXA3 is independently required in both tissues for this process. The role in NCCs appears paramount, as detachment fails completely after NCC-specific deletion, whereas it is only delayed after endoderm-specific deletion. Because apoptosis is only reduced, but not absent, after NCC-specific deletion, we propose that HOXA3 controls a proapoptotic signal in both NCCs and endoderm that acts on the endoderm in an additive or combinatorial fashion to promote a sufficient amount of cell death to result in detachment. In the absence of either source of this signal, cell death is reduced below the threshold needed for correct detachment, with the NCC-
specific source being most important.
The identity of this pro-apoptotic signal is unclear -both SHH and inhibition of FGF signaling have been implicated in promoting this cell death; it is also unclear how these signaling pathways interact in this process Basson et al., 2008) . Increased FGF signaling through loss of SPRY inhibitors results in a failure of detachment that looks remarkably similar to the Hoxa3 NCCspecific deletion (Basson et al., 2008) . Although the Hoxa3 and endoderm-specific deletion mutants both have ectopic Fgf8 expression in the dorsal pouch, this ectopic expression is limited to E10.5; before this, apoptosis and SHH signaling are unaffected by loss of Hoxa3. Thus, although these signaling pathways might be involved in this aspect of the Hoxa3 mutant phenotype, the structure of the network that mediates this function has yet to be definitively identified.
MATERIALS AND METHODS
Generation of mice and genotype analysis
Foxa2 (Park et al., 2008) , Wnt1Cre (Danielian et al., 1998) , PthCre (Libutti et al., 2003) , Foxn1Cre (Gordon et al., 2007) , Ptch1 (Goodrich et al., 1997) , Gcm2-EGFP (Gong et al., 2003) , Hoxd3 (Condie and Capecchi, 1993) and Hoxa3 (Chisaka and Capecchi, 1991 ; and described below) mouse strains were maintained and genotyped as described previously. The Hoxa3 conditional allele (supplementary material Fig. S1 ) was maintained as a homozygous colony. Gcm2-EGFP transgenic mice were obtained from the Mutant Mouse Regional Research Center (MMRRC) [STOCK Tg(Gcm2-EGFP)FG26Gsat/Mmucd; Stock no. 011818-UCD). All colonies were maintained on a majority C57BL6/J genetic background.
The original Hoxa3
carries a neomycin resistance (neo ) gene cassette that has been inserted within the homeodomain in exon 2 (Chisaka and Capecchi, 1991) . As some cassette-containing alleles influence neighboring gene expression, we generated a new null allele, deleting the second coding exon in the germ line using a Hoxa3 conditional allele and B6Cg-Tg(TeK-Cre)12Flv/J (Stock no. 004128) (Koni et al., 2001) . This new null allele had neither detectable Hoxa3 mRNA nor protein ( Fig. 2 ; supplementary material Fig. S1D ) and was phenotypically comparable to the original allele. Both alleles were used throughout this paper; for simplicity we refer to both as Hoxa3 . The following primers were used to PCR genotype this allele: forward, 5′-TCTGTCTCTCCCCCTCAAAGTGCCAACAGCAACCC-3′; forward, 5′-AGTAACCAAAGAAGGTCGGGTGGGCAACTCTCCTG-3′; reverse, 5′-ACTCTTTGGCCTAACTCACCTC-3′.
Conditional mutants were generated by crossing Hoxa3 females with Hoxa3 ;Cre/+ males, generating heterozygous embryos that were homozygous null only in the target tissues. Embryonic age was estimated as noon of the day of a vaginal plug as E0.5; stages were confirmed by somite number and morphology. The Foxa2 allele was activated by single intraperitoneal injections of 3 mg tamoxifen (Sigma-Aldrich) in sterile corn oil (Sigma-Aldrich) per 40 g of mouse weight into gravid females at E6.5 (Hayashi et al., 2002) , or serial injections at E5.5 and E6.5 (supplementary material Fig. S2A) . Yolk sac or tail DNA was genotyped by PCR. Embryos or newborns carrying tissue-specific deletions (fx/−;Cre/+) were termed 'mutant'. Both +/fx;Cre/+ and +/fx;+/+ embryos were used as controls and were indistinguishable in all assays. All experiments involving animals were performed with approval of the University of Georgia, Athens, Institutional Animal Care and Use Committee. Total mRNA was isolated from embryos at E10.5, followed by reverse transcription using Superscript II (Invitrogen). cDNA was used as a template for relative quantification of Hoxa3 (Mm01326402_m1), Hprt (Mm01545399_m1) and Tbp (Mm01277042_m1) (Applied Biosystems) using commercially available reagents (Invitrogen) on an Applied Biosystems 7500 Real Time PCR System. Three mutant and control embryos were run individually in duplicate; a control reaction lacking reverse transcriptase was also performed. Analysis was performed by relative quantification using the comparative C method. Both reference genes gave similar results; Tbp results are shown.
Histology and three-dimensional reconstructions
Standard hematoxylin and eosin (H&E) histological staining was performed on transverse paraffin sections of embryos and newborns. Between two and five embryos (e.g. 4-10 primordia) were analyzed for each stage and genotype; representative images are shown. n-values are in the text and figure legends. Threedimensional reconstructions were generated from images of serial H&E-stained sections from three E17.5 embryos per genotype using Surf Driver 3.5.3. Thymus size was calculated as the volume of each reconstruction using the Volumetrics function.
X-gal staining and in situ hybridization
X-gal staining was performed on E10.5 Ptch1LacZ embryos as described (DasGupta and Fuchs, 1999) . Section in situ hybridization (ISH) was performed as described previously (Carpenter et al., 1993; Manley and Capecchi, 1995) . Two to three embryos were used for each genotype and probe. Probes for Bmp4 (Jones et al., 1991) , Fgf8 (Crossley and Martin, 1995) , Foxg1 (Wei and Condie, 2011) , Foxn1 (Gordon et al., 2001) , Gcm2 (Gordon et al., 2001) , Hoxa3 (Manley and Capecchi, 1995) , Il7 (Zamisch et al., 2005) , Pth (Liu et al., 2007) and Tbx1 (Chapman et al., 1996) have been previously described.
Immunohistochemistry
IHC was performed on sectioned (7 µm) paraffin-embedded or frozen embryos fixed in 4% paraformaldehyde (PFA). Paraffin-embedded tissue was de-waxed in xylene and rehydrated through an ethanol gradient to dH O and then boiled in antigen-retrieval buffer (10 mM Na Citrate pH 6, 0.05% Tween20) for 30 min. Slides were incubated overnight in primary antibody, 10% donkey serum and PBS at 4°C, washed in PBS and then incubated with secondary antibody in PBS for 30 min at room temperature in the dark. Slides were washed in PBS containing DAPI at 1:10,000, and mounted with EMS-Fluorogel. Antibodies recognized FOXN1 (Santa Cruz G-20), GCM2 (Abcam), cleaved caspase-3 (CC3; Cell Signaling), BrdU (Serotec), Ikaros (Santa Cruz, M-20), pan-cytokeratin (Sigma-Aldrich), keratin 5 (Covance), keratin 14 (Covance), PDGFRβ (BD Biosciences), keratin 8 (ProGene), HOXA3 (Santa Cruz, F-7) or ΔNP63 (Abcam). Secondary antibodies were DyLight-conjugated (Jackson Immunoresearch). Biotinylated UEA-1 lectin was detected with streptavidin (Vector Labs). Images were acquired using a Zeiss LSM510 confocal microscope and image acquisition software.
Apoptosis, proliferation and primordium size
The terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay was performed following the manufacturer's guidelines (Roche Diagnostics). E11.5 embryos were fixed in 4% PFA for 1 h, embedded in paraffin and sectioned (7 µm).
For proliferation analysis, gravid females were injected with 50 mg BrdU per kg body weight. E12.5 embryos were collected 75 min later and processed for BrdU and FOXN1 IHC. FOXN1-positive cells and FOXN1 BrdU double-positive cells were counted manually and the percentage of double-positive cells was calculated per lobe. Values were averaged for both lobes per embryo, and those values were averaged for three embryos per genotype.
To calculate primordium size, three E10.5 embryos each for the endoderm deletion mutant and control were serially sectioned in the sagittal plane and stained with DAPI. Primordium area was measured using the trace tool in AxioVision 4.8.2 (Zeiss). Volumes were calculated per thymus.
Thymocyte analysis
Thymocytes were harvested from minced newborn thymi and the total cell number calculated per embryo (two lobes each). Cells were suspended in 1× FACS buffer (1× PBS with 2% BSA and 0.1% NaN ) and incubated with the following conjugated monoclonal antibodies: anti-CD4 APC (GK1.5), anti-CD8 FITC (53-6.7), anti-ckit-PE (2B8) and anti-CD25 biotin (3C7), followed by streptavidin-PerCP. Cells were incubated at 4°C for 30 min, washed and fixed with 1% PFA before flow cytometric analysis using a FACS Caliber instrument (Becton Dickinson). Data were analyzed with CellQuest software.
Statistics
Data are presented as the mean±s.d. Comparisons were analyzed using Student's t-test or the Wilcoxon rank-sum test where appropriate; P<0.05 was considered significant.
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Fig. 1.
Hoxa3 is differentially expressed in the endoderm and NCCs between E10.5 and E13.5. (A-F) Sagittal sections of E10.5-E13.5 wild-type embryos that had been subjected to ISH with a Hoxa3 riboprobe (blue). Staining for all sections was performed together and for an equal length of time. (G) HOXA3 immunofluorescence (magenta) in a wild-type embryo (n=8) at E10.5. (H) Diagram indicating the E10.5 third pharyngeal pouch domains with expression of GCM2 and BMP4 (Patel et al., 2006) and the corresponding levels of HOXA3. The third pharyngeal pouch is outlined in all panels. A, anterior; D, dorsal; P, posterior; pa, pharyngeal arch; V, ventral. Scale bars: 40 µm.
Fig. 2.
Foxn1, Il7, Foxg1, Gcm2, and Tbx1 are mis-expressed in Hoxa3 mutants. ISH of paraffin sections from Hoxa3 and Hoxa3 embryos. (A-F) Sagittal sections at E11.5 (n=3), E12.0 (n=2) and E12.5 (n=1) were stained with a Foxn1 riboprobe. Arrows indicate a group of Foxn1-negative cells attached to the thymus at E12.0 and E12.5. (G,H) Sagittal sections at E12.0 were stained with an Il7 riboprobe (n=2). (I-L) Sagittal sections at E10.5 (n=2) and E11.5 (n=2) were stained with a Foxg1 riboprobe. Foxg1 expression in the Hoxa3 is absent in the thymus domain (arrowheads) but present in the dorsal-posterior domain at E10.5 (arrows). Sagittal sections at E10.5 (n=4) (M,N), transverse sections at E11.5 (n=3) (Q,R) and sagittal sections at E12.0 (n=2) (S,T) were stained with a Gcm2 riboprobe. (O,P) Sagittal sections at E10.5 (n=2) were stained with a Tbx1 riboprobe. In all sections, anterior is towards the top of the image, and the same side is presented per stage and gene. The third pharyngeal pouch is outlined in all panels. Scale bars: 40 µm. and Hoxa3 thymus with antibodies against cleaved caspase-3 (CC3), p63, GCM2, PDGFRβ and FOXN1. DAPI stains nuclei. *, the region within the primordium that normally undergoes apoptosis during separation from the pharynx. ¥, the posterior-dorsal region that does not normally undergo apoptosis. Arrows indicate the thymus-pharynx (ph) attachment domain that normally undergoes apoptosis. Arrowheads indicate co-labeling of PDGFR and CC3. Scale bars: 40 µm. 
